To overcome the shortcomings of conventional slope monitoring methods, this paper presented an in-place inclinometer based on BOTDR (Brillouin Optical Time Domain Reflectometer) which was used to obtain the long-term internal deformation in the slope. The installation process of optical fiber sensors and its measuring principle were introduced. The result of analysis indicated that the error in the measured displacement was proportional to the square of the inclinometer length and the precision of the BOTDR instrument, while it was inversely proportional to the diameter of the inclinometer tube. An actual field slope deformation monitoring case was also introduced. The results show that the BOTDR based inclinometer has a good consistency with the traditional inclinometer. It can effectively access the internal deformation of the slope and help to find the position of potential sliding surface accurately. This technology shows a high reliability and practicality in engineering application that will promote deeper research of slope in the future.
Introduction
Landslides as abundant phenomena are widespread in many regions of the world. This kind of disaster directly threatens people's lives and causes significant economic losses [1] . However, there is great uncertainty for the occurrence of landslide considering its formative mechanism, induced factors, frequency, time, and consequences. An early warning and forecasting of landslide disaster can be drawn with a monitoring works of understanding of landslide activity condition and failure mechanism according to engineering experience.
Various monitoring methods and sensors have been introduced into the landslide monitoring fields. Advanced space observation technologies, such as GPS, SAR, and InSAR [2] [3] [4] , are quite suitable for slope surface movement detecting but cannot access the underground sliding information. The internal information of slope can reflect the deformation of geological structures such as lateral displacement, subsidence, and tilt. It helps to find the potential sliding surface which plays an important role in studying the stability and movement of the slope. The traditional mobile and fixed inclinometers are the common internal deformation detecting methods, which have been used in many slopes and achieve good results, such as Zhujiadian in Three Gorges Reservoir, China [5] , and Ivancich landslide and Corvara landslide in Dolomites, Italy [6, 7] . However, the traditional mobile inclinometers need manual measurement at each depth which has low efficiency and cannot realize online monitoring, while the fixed inclinometer has the problem of high cost and limited number of monitoring points.
In the past few decades, distributed fiber optic sensing (DFOS) technologies have developed, including Fiber Bragg Grating, Optical Time/Frequency Domain Reflectometry (OTDR/OFDR), Brillouin Optical Time Domain Reflectometry/Analysis (BOTDR/A), and Brillouin Optical Frequency Domain Reflectometry/Analysis [8, 9] . DFOS technologies have advantages of distributed sensing, high precision, long distance and term, online monitoring, and easiness of installing sensors and building sensing networks which shows great potentialities in the field of geoengineering [10] [11] [12] .
Recently some researchers have begun to advocate this technology into the slope monitoring. Pei et al. [13] , Ma and Yao [14] , Zhang et al. [15] , and Wang et al. [16] proposed FBG based in-place inclinometer and Zeni et al. [17] developed BOTDA based in-place inclinometer, which overcomes the disadvantages of conventional inclinometer including electromagnetic interference, gravity dependence, poor durability and stability, and signal loss for long distance transmission. However, FBG is a quasi-distributed technology which may affect the position accuracy of the sliding surface. BOTDA system needs a loop setup which is not convenient in engineering application. In the authors' early study [18] , a multifield sensing system based on DFOS technologies was introduced and its monitoring results of a real landslide in Three Gorges Reservoir, China, were analyzed. However, the details about the deformation monitoring method were not further discussed. This paper explained the details about the novel in-place inclinometer based on BOTDR which is a full-distributed and single-end detecting technology. Its measurement principle as well as the error was further discussed. A few new sensing data were collected to compare with the monitoring result of the traditional inclinometer, which verified the reliability and practicality of this method in determining the position of the sliding surface and its deformation.
Internal Deformation Monitoring of
Slope Based on BOTDR
Principle of BOTDR.
The measurement principle of BOTDR is that when a laser pulse is launched into an optical fiber some Brillouin scattered light will come back to the input end for measurement and interpretation. The Brillouin scattered light is caused by nonlinear interaction between the incident light and photons excited within the light propagation medium. This scattered light will change in frequency by a Brillouin shift ] ( , ). It has been found that there is a relationship between Brillouin frequency shift (BFS) ] ( , ) and temperature or strain ; the relationship can be expressed as follows [19, 20] :
where ] ( , ) is Brillouin scattered frequency shift with strain at a certain temperature , ] (0, 0 ) is Brillouin scattered frequency shift without strain at temperature 0 ,
Principle of BOTDR Based
Inclinometer. Figure 1 is a schematic diagram of BOTDR based inclinometer. It consists of two parts, test tube and strain sensing fiber. Specifically, four optical fibers are installed on the surface of the test tube at four positions orthogonal to each other. The tube can be made of metal, plastic (PPR, PVC, etc.), and other materials which just depends on the engineering conditions. Based on the classic Euler beam theory, the lateral displacement of the tube can be calculated with optical fiber strain data. 
Inclinometer tube Deformation zone As shown in Figure 2 , the relationships between the bending displacement, rotation angle, and the strain of tube can be expressed as [13, 21] :
where ( ) and ( ) are the bending displacement and the rotation angle at location . ( ) is the differential of ( ), and ( ) is the differential of ( ). up ( ) and down ( ) are the strain value on the upper and lower surface of the tube in the bending direction and is the outer diameter of the tube.
Considering that the change of temperature will influence the strain as shown in Formula (1), the monitored fiber optic strain values of the upper and lower surface of the tube up ( ) and down ( ) are different from the real strain values up ( ) and down ( ). Their relationship can be expressed as
where Δ ( ) is the effect of temperature on strain. In the paper of Ma and Yao [14] , it was obtained indirectly by measuring the temperature with thermometer which may be Journal of Sensors 3 inconvenient or even unrealistic in the actual project. Here, Δ ( ) will be eliminated, solving (4):
Solving (3) and (5),
Substituting (6) into (2),
The constants and can be determined by considering known or assumed boundary conditions.
Errors Analysis.
Usually, it can be assumed that there is no displacement and rotation angle at the bottom of the tube, considering that bottom of the inclinometer tube is embedded in the bedrock. Therefore, the value of and in Formula (7) can be assigned to zero. The bottom of the tube is defined as the coordinate origin (Figure 2) , and the position of each monitoring point along the axis of the tube is marked as ; for example, the bottom monitoring point is 1 , which is equal to zero. Generally, can be expressed as
where is the total number of monitoring points and ℎ is the spatial sampling interval of BOTDR instrument which is equal to the average distance of adjacent measuring points. Formula (7) can be written in a discrete form based on the trapezoidal integration as follows:
where up ( ) and down ( ) are the monitored strains of optical fibers installed on the upper and lower surface of the tube. The measurement error of up ( ) and down ( ) can be assumed to obey normal distribution with standard deviation of ; according to the principle of measurement error propagation, the error estimation ( ) of ( ) is obtained as
Formula (10) indicates that the error of the displacement is proportional to the square of the length and the precision of the BOTDR instrument, while it is inversely proportional to the diameter of tube. The error can be effectively reduced by increasing the diameter of the tube, improving the precision of instrument, and decreasing the length of calculation. This indicates that the error is highly sensitive to the length for calculation. Figure 3 shows the increasing error of calculated displacement with length, in which the diameter of tube is set as 7.5 cm and are 10 , 20 , 30 , 40 , 50 , and 60 , respectively. Generally, of the commercial BOTDR instrument is 40 . When the length of calculation is shorter than 5 m, the error will be less than 1 cm. The error increases with the length, and, theoretically, it reaches the value as large as 15.8 cm at the length of 20 m. Therefore, it is difficult to obtain the accurate cumulative displacement that is far away from the bottom of the tube. However, considering that the sliding zone around the sliding surface is usually not very thick (a few meters) and its deformation is much larger than the other parts of landslide bodies, the measurement accuracy of the relative displacement for the sliding surface can be guaranteed. Formula (9) can be used to calculate the cumulative displacement from the bottom to the top of the sliding zone assuming that there is little rotation angle at the bottom of the sliding zone. ∘ and the main sliding direction is 290 ∘ . It is mainly composed of talus material and residual deposit with loose structure and strong water permeability. The bedrock is quartz sandstone or fine sandstone mixed with mudstone and a little silty mudstone. To obtain the internal behavior of this landslide, 6 observation boreholes numbered as B1, B2, B3, B4, B5, and B6 for inclinometer were designed along the main sliding direction at different elevations (Figures 4(a) and 4(b) ). The distributed strain sensing optical fiber supplied by Suzhou NanZee Sensing Ltd., China (type: NZS-DSS-C07), was used on the BOTDR based inclinometer (Figure 5(a) ). It consists of a optical fiber core (250 m), an inner polymeric coating (0.9 mm), and an outer polyurethane sheath (2 mm). BFS shows a good linear relationship with axial strain change at room temperature (22 ∘ C) in Figure 5 (b). Figure 6 shows the details about the installation process. The monitoring tube is made of aluminum with a diameter of 7.5 cm. Optical fibers were prestressed and then fixed on the surface of the tube with the glue of epoxy resin. After the glue was solidified, the tube was protected with highstrength tape and shrink film material to prevent the fiber from damage during the installation process ( Figure 6(b) ). In this test, traditional inclinometers were also installed to compare and validate the results measured by the BOTDR based inclinometer tube.
Application
The BOTDR based monitoring system was completed on August 24, 2012. The optical fiber strain data analyzer used in this project is the type N8511 BOTDR produced by ADVANTEST Co. Ltd. of Japan (Figure 7) . The data monitored on September 8, 2012 , are set as the initial data, which are subtracted from the subsequent monitored data to obtain the variation of the slope internal deformation.
Monitoring Results and Discussion.
Here we take the measurement data of borehole B4 as an example. Figure 8(a) shows the measurement result of traditional inclinometer. It gives the cumulative displacement (compared to the displacement at the bottom) at different depth of the borehole. Figure 8(b) is the flexural strain distribution of the monitoring tube using BOTDR. Both Figures 8(a) and 8(b) indicate two remarkable shear zones at the depth around 12 m and 35 m with the thickness around 2 m, which can be inferred as the sliding surfaces. The relative displacement between the upper part and the lower part of the rock and soil around the deep sliding surface can be calculated with the fiber strain data based on the method introduced in Section 2.2. The relative displacement of the sliding zone around the depth of 35 m is compared with the total cumulative displacement of the slope at the depth of 0 m. The deformation percentage is found to be 67%, 64%, 74%, 72%, 77%, and 67%, respectively, at different one 2-2 is at the average depth of about 34 m. It should be noted that because of the limited numbers of boreholes the distribution mode of sliding planes is potentially not very accurate; however, it is consistent with the overall movement trend of the slope.
Conclusion
In this study, the author developed a BOTDR inclinometer based on the Euler beam theory, which is a useful supplement for traditional inclinometer. The error analysis results indicate that the inclinometer length, the precision of the BOTDR instrument, and the diameter of tube are the main factors that determine the measurement error. It was installed in a real landslide and successfully identified two slip surfaces. The relative displacement of slip surface and its movement over time was calculated accurately. The data monitored with BOTDR fiber optic sensing technology is consistent with the result of traditional inclinometer for the sliding zone with the difference less than 4 mm, demonstrating its high reliability and applicability. This newly developed technology will have a promising future for landslide monitoring.
